La 0.7 Sr 0.3 Ga 0.7 Mg 0.1 Fe 0.2 O 3−δ (LSGMF73712) has been proposed as a new substitute for solid electrolyte in SOFC (solid oxide fuel cells). It has several merits, such as lower operating temperature of SOFC, high transport number of oxide ion and higher electronic conductivity. In this study, the doped-lanthanum gallium with Fe was produced by combustion synthesis, and the effect of particle sizes on sintering behaviors of La(Sr)Ga(Mg)FeO 3−δ samples by spark plasma sintering (SPS) was analyzed by comparing with the traditional solid-state reaction method.
Introduction
Our planet is threatened with serious environmental challenges, such as global warming and abnormal weather, which are urgently addressed. Solid oxide fuel cells (SOFC) have attracted worldwide attention as clean power generators with high efficiency and have no pollution [1, 2] .
Oxide ion conductor plays an important role in SOFC as the electrolyte. The perovskite oxide, which supplies large amount of vacancies [3] , can be expected to obtain high oxide ion conductivity. Several studies have shown that perovskite oxide of LaGaO 3 doped with Sr and Mg for La and Ga site, respectively, exhibits high oxide ion conductivity [4, 5] . Not only can the LaGaO 3 -based oxide show high conductivity in the electrolyte, but also it can be used for intermediate-temperature SOFCs [6] [7] [8] [9] [10] . In addition, oxide ion conductivity in LaGaO 3 doped with Sr and Mg for La and Ga site, respectively, is further increased by doping with transition metal such as Co or Fe [11] , and maximum power density of the cell also increases when Co-or Fe-doped LaGaO 3 was used for the electrolyte [12] [13] .
La 0.7 Sr 0.3 Ga 0.7 Mg 0.1 Fe 0.2 O 3−δ is reported as a new replacement for solid electrolyte by the sintering method [14] , which is highly time requirement and energy consuming. Combustion synthesis (CS) is a well-known method discovered by A.G. Merzhanov and coauthors in 1967 and has been used as a substitute approach to resolve this problem [15, 16, 17] ; the merits of CS are the fast response, saving producing time, and no additional input energy during the combustion process.
The LaGaO 3 product, which doped with Fe and Mg for Ga site, was produced through combustion synthesis instead of the conventional solid-state reaction method. Furthermore, the produced LSGMF73712 (La 0.7 Sr 0.3 Ga 0.7 Mg 0.1 Fe 0.2 O 3−δ compositions are denoted by the abbreviation LSGMF73712 in this paper) samples were sintered by using spark plasma sintering (SPS) method and the effect of distinct particle sizes was investigated into the sintering temperature of products.
Hence, different ball-mill processing times were required in this investigation. Finally, the processing Manuscript for Journal of Alloys and Compounds ver.8 4 time and electric energy consumption in the LSGMF production were assessed by a comparative analysis between the combustion synthesis and the solid-state reaction method. Fig. 1 shows the comparison of experimental flow between the traditional sintering method and the combustion synthesis manner for producing LSGMF. In the combustion synthesis, when one end of the mixed sample is ignited at the ignition point, the combustion wave transits to the other end completely and the desired composition of the product is gained in short time (see phase 1 in Fig. 1(b) ). All specimens used in this study were prepared from calculated powders of La 2 raw materials used in the sintering method were oxides. Sodium perchlorate, which could supply the necessary oxygen for a reaction with an appropriate stoichiometric coefficient of products, was chosen as an oxidizing reagent for the combustion process. After the CS, the samples were treated with a planetary ball-mill treatment; the stainless steel milling pot contained stainless steel balls of 10 mm in diameter. The synthesized product and the stainless steel balls were simultaneously put into the pot, and the container was set in the ball-mill apparatus and milling condition was carried out at a rotation rate of 300 rpm with a powder-to-ball mass ratio of 10:1 in air.
Experimental

Sample preparation
Ball-milled samples were obtained after milling for 10, 30, 50, and 70 h respectively.
The ball-milled products were also observed by scanning electron microscopy (SEM)
for analyzing the microstructure, and the products were identified by X-ray diffraction (XRD) analysis. Compared the results of XRD with the ones obtained from the SSM, Manuscript for Journal of Alloys and Compounds ver.8 7 the lattice parameters could be calculated on the basis of several sharp peaks over a wide range of diffraction angles. In addition, the average particle-size distributions of the ball-milled products were also investigated by laser-scattering particle-size distribution analyzer (HORIBA, LA-950), in which water was used as a dispersing fluid.
In the spark plasma sintering (SPS) procedure, the no ball-milled samples (5 g Fig. 1(a) ).
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Results and discussion
Combustion synthesis (CS) of LSGMF73712
The samples emitted plenty of exothermal heat and white smoke during the CS in the case 5 (Table 1 ). White smoke generation was likely owing to the evaporation of sodium chloride. The reaction in the case 5 was caused by the following the overall exothermic reaction (2):
However, the samples were not successfully ignited during the CS in the cases 1, 2, 3 and 4 ( Table 1 ) due to weak exothermic reaction of very small magnesium despite of ignition. However, the color of SPSed samples changed into black after SPS. As shown in Table   2 , the average particle size of the LSGMF73712 product with no ball-mill treatment was approximately 12.7 μm and the particle sizes decreased with increasing the ballmilling time; still, the ball-milled sample for 70 h was approximate to 4.6 μm. This phenomenon may be explained by the high surface energy of extremely fine powders.
Ball-mill treatment
9
Fine powders tend to agglomerate into larger entities easily and achieve some reduction in surface energy. The agglomerates are particle clusters and are influenced apparently by the surface energy. particles cohered into agglomerates easily because the cohesion united particles of the same material. Therefore, it is considered that the excessive ball-milling time is not advantageous to fine the grains of the LSGMF73712 samples. increasing ball-milling time. However, the ratio of intensity to half-peak breadth was enhanced slightly when the CSed product was ball-milled for 70 h. This may be explained by the increase in distance of crystal layers. The relationship between mean crystallite size and the peak broaden effect is shown as following Scherrer equation (3);
XRD phase analysis
where β is the width of the peak at half maximum intensity of a specific phase (hkl) in radians; K is a constant that varies with the method of taking the breadth (0.89 < K < 1);
λ is the wavelength of incident X-rays; θ is the center angle of the peak (diffraction angle); D g is the mean grain size of a specific phase of a material. The equation relates the peak breadth of a specific phase of a material to the mean crystallite size of that material. Therefore, it is the quantitative equivalent of saying that the larger a material's crystallites were, the sharper its XRD peaks would be in the CSed powder with ball-milling time for 70 h. In the meantime further increase in the quantity of the second phases was obvious and caused the purity of LSGMF73712 to decline significantly.
Sintering behavior of LSGMF73712 sample
The ball-milled samples could be sintered successfully at 1273 K for 40 min (2.5 V and 540A) in vacuum (see phase 2 in Fig. 1(b) ). However, the same temperature was not enough for sintering the sample in the SSM and the no ball-milled CSed sample was sintered at 1473 K for 1.5 h (3 V and 600 A) by the SPS. The sintering time of the combustion-synthesized samples were predicted by Herring's Scaling Law [20] and the following equation (4):
In the equation (4), t s and t b are the sintering time of small and big particle powder, respectively; r s and r b are the radii of small and big particle powder, respectively.
According to the law, we judged that fine LSGMF73712 powders could be sintered in a shorter time, in comparison to big particle powder at the same temperature. This may be explained by the high surface energy of fine powder. Because the driving force for sintering of fine LSGMF73712 powder was higher than that of big particle powder.
Moreover, the moving distance of atomic diffusion at grain boundaries in fine LSGMF73712 powder was short. The surface energy in specific surface area of ballmilled samples increased with increasing ball-milling time, but the excessive milling time (> BM 50 h) caused the phenomenon of agglomeration in fine powder and the sintering time was extended. Therefore, the appropriate BM treatment can reduce the sintering temperature and time in the SPS process apparently. In addition, based on Archimedes method using ethanol, the relative density of the pellet after sintering by SPS was about 98 % which as the same as the one prepared by SSM.
Conclusions
The combustion synthesis (CS) of LSGMF was experimentally studied in comparison to the traditional SSM (solid-state method). The conclusions were derived as follows:
(1) The sample of LSGMF73712 was successfully produced by the combustion synthesis at argon atmosphere and room temperature, in which oxidation heat of metallic gallium and magnesium were effectively used for sustainable reaction.
(2) The peaks of the sample ball-milled for 10 h (SPSed LSGMF73712 BM 10 h) agreed with those at 1773 K by the SSM. However, the excessive ball-mill treatment (>BM 10 h) caused the purity of LSGMF73712 to decline significantly after SPS.
(3) The LSGMF73712 CS-product could be sintered at 1473 K for 1.5 h by the SPS.
Owing to smaller size of the powder with the perovskite phase than the SSM's one after ball-mill treatment, the sintering temperature drastically lowered to 1273 K (sintering time = 40 min) by 500K, in comparison to the SSM.
According to the above point of views, we conclude that the CS is very beneficial for producing a Fe-doped LaGaO 3 electrolyte in the intermediate-temperature SOFC system and spark plasma sintering is also an effective method to sinter the LSGMF electrolyte. Brightness=100 Brightness=100 Brightness=100 Brightness=100 Brightness=100 
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